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Extraction efficiency of different
microplastic polymers from
deep-sea sediments and their
quantitative relevance

Sara Canensi1, Gianni Barucca2 and Cinzia Corinaldesi2*

1Department of Life and Environmental Sciences, Polytechnic University of Marche, Ancona, Italy,
2Department of Materials, Environmental Sciences and Urban Planning, Polytechnic University of
Marche, Ancona, Italy
An increasing number of methods for extracting microplastic particles from

marine sediments have been published but without evaluating the extraction

efficiency. Furthermore, while most of the procedures developed have been

applied to sandy sediments from shallow water habitats, specific and

standardized procedures for deep-water sediments (> 200 meters deep) are

limited. In this study, we describe a specific protocol for extracting

microplastics (2- 1000 µm) from deep-sea sediments and for quantifying and

identifying them. We also assessed its extraction efficiency, which resulted in a

high recovery (on average ca. 60%, and up to 80%) particularly, for

polyethylene, polypropylene, and polystyrene. This method can be applied to

all fine-grained/muddy sediments and allows the extraction of even the

smallest fraction of microplastics (<20 µm), which are expected to have the

most severe effects on marine biodiversity and ecosystem functioning and

ultimately also have implications for human health.

KEYWORDS

microplastics, deep-sea sediments, FT-IR spectroscopy, scanning electron
microscopy, marine pollution
Introduction

In the last years, several studies have investigated microplastic contaminations (< 5

mm, Hartmann et al., 2019) in different marine environments from beaches to deep-sea

systems (Uddin et al., 2021 references therein). Such studies have been conducted by

using different methods to separate, identify and determine the abundance of

microplastics depending on the marine matrix investigated (e.g., seawater, sediments;

Cashman et al., 2020; Kavya et al., 2020).

Marine sediments are considered microplastic sinks, with abundances even higher

than in the water column, and previous studies have shown that deep-sea ecosystems are
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not exempt from these contaminants (Barrett et al., 2020;

Courtene-Jones et al., 2020; Tekman et al., 2020; Abel et al.,

2021), which may have negative effects on deep-sea biodiversity

and food-web functioning (Ma et al., 2020).

Available methods concerning the extraction of (micro)plastics

frommarine sediments typically include different steps: 1) sieving of

wet or dry sediment samples to separate microplastics in different

granulometric fractions (Song et al., 2015; Qiu et al., 2016); 2)

floatation (consisting of a density separation of the microplastics

with specific high-density-salt solution; Imhof et al., 2012; Van

Cauwenbeghe et al., 2015; Quinn et al., 2017; Ruggero et al., 2020)

or elutriation (i.e., based on density separation in a column with air

or water inflow at the bottom of the column to favor flotation or

deposition of the particles according to their density; Claessens et al.,

2013; Kedzierski et al., 2016; Ruggero et al., 2020); 3) digestion

which can be performed using acid or alkaline solutions or oxidant

agents and/or enzymes as well as the Fenton reaction (Ruggero

et al., 2020 and references therein), 4) visual sorting (through stereo-

or light microscopy for fragments > 500 µm; Fischer et al., 2015)

and chemical identification (i.e., gas chromatography mass

spectrometry (Py-GC/MS), thermogravimetric analysis (TGA)

with: thermos-extraction and desorption coupled with gas

chromatography-mass spectroscopy (TED-GC–MS), or thermal

desorption gas chromatography mass spectrometry (TDS-GC–

MS), Raman and FTIR Spectroscopy, Mai et al., 2018).

Currently, some recommendations for microplastic

extraction from marine sediments are available (Frias et al.,

2018) but there are no standardized procedures and these

generally differ according to the different sampling devices

used, size of target plastic fragments, granulometry, and

characteristics of the sedimentary matrix investigated (e.g.,

carbonate, muddy, sandy; Phuong et al., 2016; Lindeque et al.,

2020; Corinaldesi et al., 2021). These discrepancies and the lack

of protocol standardization hinder the comparison of

microplastic contaminations among different environments

and estimates of their impact on a global scale (Coffin

et al., 2021).

Most studies are based on a fractionated sieving of the

sediments and microplastics using different mesh sizes, which

allow the microplastic classification into different size categories

(McDermid and McDermid and McMullen, 2004; Vianello et al.,

2013). To further separate microplastics from the sedimentary

matrix, flotation is generally carried out by exploiting the different

density of the sediments (i.e., 1.8 – 2.2 g cm-3 for muddy and

sandy sediments, respectively; Hamilton, 1976) and microplastic

particles (i.e., from 0.9 to 2.3 g cm-3 for polyethylene and polyester

respectively; Hidalgo-Ruz et al., 2012). Typically, a saturated salt

solution, such as NaCl, ZnCl2, NaI, CaCl2, ZnBr2 is used (Stolte

et al., 2015; Kedzierski et al., 2017; Ruggero et al., 2020). The step

of identifying the particles, which are separated from the

sediments, is essential to confirm whether they are plastics or

not. Visual detection alone (by stereo- or light microscope) has
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been especially used in pioneering studies and to investigate

microplastic contamination in beaches and coastal

environments (Dekiff et al., 2014, references therein; Shim et al.,

2017). However, such an approach only allows rapid screening of

potential microplastics but can introduce various biases such as

misidentification of particles or underestimation of those that are

too small to be detected (Dekiff et al., 2014; Filella, 2015; Lavers

et al., 2016). To date, spectroscopy is the most used method for

identifying and characterizing (micro)plastics in benthic

ecosystems (Ruggero et al., 2020). In particular, Fourier

Transformed Infrared Spectroscopy (FTIR) has been applied to

more than 60% of studies available in the literature (Miller et al.,

2017) and different marine benthic matrices (Thompson et al.,

2004; Li et al., 2020; Khoironi et al., 2020; Zhang et al., 2020). Also,

Raman Spectroscopy has been widely used to investigate

microplastic contamination in marine sediments (Lenz et al.,

2015; Shim et al., 2016; Imhof et al., 2017; Peng et al., 2018) but

this technology is more specific for the identification of inorganic

compounds, and the detection of microplastics can be hindered by

the interference of additives and pigments present in the samples

(Van Cauwenberghe et al., 2013; Tagg et al., 2015; Kavya

et al., 2020).

Procedures used to analyze microplastic contaminations in

deep-sea soft bottoms have been generally adapted from those

applied to shallow-water sediments (Van Cauwenberghe et al.,

2013; Woodall et al., 2014; Bergmann et al., 2017) despite deep-

sea sediments can have different characteristics (e.g.

mineralogical composition, granulometry, organic matter

composition, porosity, and water content; Hamilton, 1976)

from the coastal ones, which can influence the extraction

procedures of plastics. Most of the available studies on

microplastic contamination of deep-sea sediments have

reported the use of high density saturated salt solutions to

extract microplastics from sediment samples such as NaI,

NaCl, ZnCl2 or Ludox and FT-IR or Raman spectroscopy to

identify the extracted fragments (Van Cauwenberghe et al., 2013;

Woodall et al., 2014; Bergmann et al., 2017), documenting

abundances of polymers ranging approximately from 3 to

more than 103 particles per kg of sediment (Kane et al., 2020;

Tekman et al., 2020; Abel et al., 2021)

A key aspect in microplastic pollution studies is their target

size range of polymers, which is generally dependent on the

method used and that can influence microplastic estimates. In

deep-sea sediments, investigations have been largely focused on

the analysis of microplastics with a > 50 µm size (Van

Cauwenberghe et al., 2013; Peng et al., 2018; La Daana et al.,

2019; Cunningham et al., 2020; Peng et al., 2020; Zhang et al.,

2020). However, the ecological impacts of fragments smaller of

this size could be even stronger than those of larger fragments

due to the potential negative effects on processes and

mechanisms acting at the cellular level, and consequently on

food webs (Galloway et al., 2017).
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Another crucial issue to provide reliable estimates of

microplastics in deep-sea sediments is the extraction efficiency,

which might be reduced compared to coastal sediments as deep-sea

sediments are generally characterized by finer grain size and higher

content of refractory organic matter, which could trap organic

particles (Ghsoub et al., 2020). However, to date, the available

protocols applied to the deep-sea sedimentarymatrix, have not been

tested for their efficiency in recovering microplastics.

In the present study, we describe a procedure for the

extraction of microplastics (size: 20-1000 µm) from a deep-sea

canyon of the Central Mediterranean Sea and assessed the

recovery efficiency of the five polymers most frequently

reported in the marine environment (Paul-Pont et al., 2018;

Corinaldesi et al., 2021b). We also present here new insights into

microplastic abundances of particles smaller than 20 µm (down

to 2 µm), whose chemical identification was conducted for the

first time by using microanalysis combined with SEM.
Materials and methods

Microplastic mixture preparation

Themicroplastic mixture was prepared using five different plastic

polymers from everyday life (i.e. containers, bottles, cups, pipes) with

different densities: polyethylene (PE, 0.89-0.95 g cm-3), polypropylene

(PP, 0.85-0.92 g cm-3), polystyrene (PS, 1.04-1.09 g cm-3),

polyethylene terephthalate (PET, 1.38 g cm-3) and polyvinylchloride
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(PVC, 1.16-1.41 g cm-3) (Figure 1) according to the procedure also

described in Corinaldesi et al., 2021. These polymers were selected

because they account for 80% of plastic production in Europe

(PlasticEurope, 2020) and are some of the most frequently reported

plastics in marine environments (Imhof et al., 2012; Phuong et al.,

2016; Paul-Pont et al., 2018; Corinaldesi et al., 2021). To obtain

microplastic particles, of various sizes and shapes, plastic objects from

everyday life (i.e. containers, bottles, cups, pipes) were milled. After

milling plastic particles, each polymer was sorted by sieving it onto

1000 µm and 2 µm filters, and an amount of 2 mg for each polymer

was weighed using a high precision analytical balance (Gibertini E42-

B) to obtain a total of 10 mg of a mixture of microplastics. The FT-IR

spectroscopy analyses (PerkinElmer FTIR Spectrometer Spectrum

GX1) performed on a subsample of the microplastic mixture showed

that the chemical characteristics of the polymers remained identical

comparing the samples before and after milling.

The number of microplastics for each weighted polymer was

determined by placing it into a cellulose filter and counting the

particles in 60 optical fields using a stereomicroscope at 50×

magnification (Zeiss Stami). An optical field coefficient (OFC) was

obtained by dividing the filtration area (962 mm2) by the area of

the filter containing microplastic particles (4 mm2) and

multiplying OFC by the average number of microplastic

particles. This approach was already used for the enumeration

of benthic bacteria and viruses by epifluorescence microscopy

(Danovaro, 2010).

The chemical nature of the polymers was checked by FT-IR.

Additional details are reported in the Supplementary Materials.
FIGURE 1

Plastic polymers used in the present study to assess the extraction efficiency of microplastics from deep-sea sediments.
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Deep-sea sediment collection
and recovery efficiency of
microplastic particles

Deep-sea sediment was collected at three different depths (at

221, 304, and 910 m), within the San Gregorio Canyon in the

Central Mediterranean Sea (38° 03.69553’ N, 15° 35.06056’ E)

using a box corer. Surface sediment samples (the top 10 cm, n=3

replicates) were collected at each depth using metal manual

corers of 4 cm diameter and once recovered on board, they were

sliced and immediately frozen at -20°C. The sediment was

characterized by a silt-clay fraction higher than 50% as

typically observed in deep-sea sediments (Smith et al., 2008;

Danovaro et al., 2010) and organic matter (in terms of

biopolymeric C, sensu Danovaro et al., 2001) was on average

0.43 mg g-1 and 1.39 mg g-1 at 910 m and 221-m depth.

To assess the extraction efficiency of microplastics from the

deep-sea sediment, it was dried in an oven at 50°C for 4-5 days to

avoid overheating of the samples and the formation offlocculates

due to chemical reactions between ZnCl2 and seawater (see

details in Supplementary Materials). During desiccation, the

samples were covered with aluminum foil to avoid external

contamination. First, to optimize and assess the procedure with

the highest extraction efficiency of microplastics (2-1000 µm)

from deep-sea sediments we compared two different approaches

based on the addition of:
Fron
1. 10 mg of the microplastic mixture (see details in the

paragraph "Microplastic mixture preparation) to bulk

sediments (three replicates of 250 g each of dry

sediment) hereafter defined BS; and

2. 10 mg of the microplastic mixture to partitioned

sediments (five aliquots of 50 g of sediment each dry

sediment) hereafter defined PS.
These approaches were compared to verify whether the

recovery efficiency of microplastics changed when the deep-sea

sediment was processed as a whole or subdivided in aliquots as

already observed for the extraction of other sediment

components (Corinaldesi et al., 2017).

The extraction efficiency of microplastic polymers from

deep-sea sediments was determined by FT-IR (for the fraction

20-1000 µm) and SEM (for the fraction 2-20 µm) considering

the number of polymers added to the sediments and those

recovered after the extraction procedure.

The extraction efficiency from deep-sea sediments of the

microplastic particles with a size of 20-1000 µm was determined

for each polymer of the microplastic mixture while for the 2-20

µm fraction of the microplastic particles, the extraction efficiency

was determined without distinguishing by polymer typology. The

coefficient of variation of the extraction efficiency of microplastics

from deep-sea sediments by FT-IR is on average 12.9%.
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Extraction of microplastic particles
from deep-sea sediments and
their quantification

The procedure was developed by modifying available

protocols for the extraction of microplastic particles from

sandy and also muddy sediments (Imhof et al., 2012; Claessens

et al., 2013 and Vianello et al., 2013).

A solution of ZnCl2 (1.6 - 1.7 kg L-1) was added both to the

bulk sediment (BS) and the partitioned sediment (PS) samples.

All the sediments were stirred for 12 h. To favor the detachment

of the microplastics from the sediment particles, the samples

were subjected to an ultrasound treatment three times of a 1-

minute cycle each, with 30 seconds of stirring after each cycle

(frequency: 40 kHz; Bransonic Branson 3510). Then, sediment

samples were maintained at room temperature for 3 days so that

the denser sediment particles could settle down. Subsequently,

since the plastic particles tend to float, supernatants were

transferred into centrifuge tubes (17,000 ×g for five minutes;

Avanti J-30I) to allow the separation of the sediment particles

from microplastics. Subsequently, supernatants were collected

and filtered onto 20 µm filters (SEFAR NITEX) with a vacuum

filtration apparatus while the eluates were held for the analyses

of the 2-20 µm microplastic fraction (described below).

To eliminate any organic matter trace and facilitate

microplastic counting, the filters were washed three times with

10 ml of H2O2 (30%, Carlo Erba), holding it for 5 minutes (for

each cycle) before switching on the vacuum filtration system.

After each cycle with H2O2, the filter and filtration column were

washed twice with Milli-Q (pre-filtered onto 0.2 µm filters

and autoclaved).

Finally, particles with a size of 20-1000 µm were observed

under a stereomicroscope at 50×magnification (Zeiss, Stemi).

Filters were dried at 30°C and maintained in a glass petri dish at

room temperature under a laminar flux hood before counting

microplastic particles. Sixty optical fields (n=60) were observed

randomly for each filter and counted as previously described.

The eluates obtained by filtration onto 20 µm filters, were in

turn filtered onto 2 µm filters (Polycarbonate, Whatman

Nucleopore). To eliminate any organic matter trace and

facilitate microplastic counting, the filters were subjected to

three cycles of treatment with 10 ml of H2O2 (30%, Carlo

Erba), holding it for 5 minutes (for each cycle) before

switching on the vacuum filtration system. After each cycle

with H2O2, the filter and filtration column were washed twice

with Milli-Q (pre-filtered onto 0.2 µm filters and autoclaved).

Finally, the filters were dried at 30°C and maintained in a glass

petri dish at room temperature under a laminar flux hood before

the investigation with Scanning Electron Microscopy (SEM).

Thirty optical fields (n=30) were observed in three randomly

selected areas of each filter (n=10 optical random fields for

each area).
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We did not consider a homogeneous distribution of the

microplastic particles in the filter but only those detected in the

optical fields analyzed, therefore these estimates are to be

considered conservative estimates.
Chemical identification of polymers
extracted from sediments

To confirm the chemical composition of plastic polymers

used during the extraction protocol (size ranging from 20 to

1000 µm), we used a Perkin Elmer FT-IR Spectrometer

Spectrum GX1, interfaced with a Perkin–Elmer Autoimage

microscope and equipped with a photoconductive 0.25 mm

Hg-Cd-Te (MCT) array detector operating at liquid nitrogen

temperature and covering the entire IR spectral range from 4000

to 700 cm-1. The Spectrum Autoimage 5.1.0 software package

(Perkin Elmer, Waltham, MA, USA) was used. Spectra were

acquired in transmission mode on CaF2 support. Background

spectra were acquired on clean portions of the CaF2 optical

windows and compared against samples spectra. The output

spectra were subsequently subjected to a spectral search against

reference libraries of polymer spectra contained by

PerkinElmer database.

To have a more accurate analysis of the natural samples we

used µFT-IR microscope (Spotlight i200, PerkinElmer) coupled

with a spectrometer (Spectrum Two, PerkinElmer). The potential

microplastics extracted from the deep-sea sediment samples have

been manually transferred onto nitrocellulose filters (Sartori), and
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spectra were acquired using the µATR mode. Following back-

ground scans, 32 scans were performed for each particle, with a

resolution of 4 cm-1. Background spectra were acquired on clean

portions of filters. Spectrum 10 software was used to compare

spectra and the identification of polymers was performed by

comparison with commercial libraries of standard spectra both

(PerkinElmer®) and custom-made libraries.

The detection limit of FT-IR is ca. 10 µm but we set it to 20

µm to have more reliable data.

The microplastic particles collected on 2-µm filters were

identified by using Scanning Electron Microscopy (Zeiss SUPRA

40, magnification of 7.26 KX). The very fine granulometry of the

sediments created a strong background in the filters therefore, an

(energy dispersive x-ray) EDX compositional map (Bruker

Quantax Z200) was produced to distinguish the sediment

grains (i.e., mapping of silicon) from the microplastic particles

in each filter area considered. Once the X-ray map was obtained,

the non-silicon particles were subjected to microanalysis to

assess the presence of a large amount of carbon atoms (large

intensity of the C peak in the EDX spectra), which indicated the

presence of the microplastics (Figure 2). In more detail, all the

investigated polymers are mainly composed of C and H, but

hydrogen cannot be detected by EDX. O and Cl are also present

in PET and PVC, respectively, but oxygen is always detected in

all samples exposed in air, and chlorine EDX signal is usually

hidden by the carbon peak. Therefore, a large presence of C

atoms is used to identify the microplastics (Rıós et al., 2020). We

set the lowest limit of the measurements performed with SEM to

2 µm.
FIGURE 2

Workflow of microplastic identification by Scanning Electron Microscopy (SEM). Reported are the silicon EDX map (Mapping of Si), which is used
to distinguish the sediment grains from the other inorganic particles, and the EDX microanalysis (i.e., Microanalysis) of the Si-free inorganic
particles (i.e., Measurement of microplastics) used to verify the large presence of C, which is the specific element of the microplastics (H cannot
be detected by EDX).
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Microplastics (2-1000 µm) in
deep-sea sediments

The analysis of the microplastic contamination in the deep-

sea sediments was carried out using the procedure that resulted

in the highest efficient extraction (i.e., based on the sediment

partitioning, PS). It was applied to the same deep-sea sediment

used for the determination of the extraction efficiency of the

method, without the addition of the microplastic mixture.

Abundance and chemical identity (only for the fraction 20-

1000 µm) of the polymers “naturally” present in the samples

were determined. The abundances of the microplastic particles

determined in the deep-sea sediments from the San Gregorio

canyon were corrected considering the extraction efficiency of

the method (on average, 60%).
Quality controls

Reduction of cross-contamination risks was carried out

according to Frias et al., 2018. Lab staff wore cotton lab coats

to reduce contamination from synthetic fabrics. Extraction

procedures were carried out in a clean room and all the

solutions used were filtered in a nitrocellulose filter of 0.2 µm

(Sartori) to avoid the introduction of external contamination

during the analysis. All products were opened exclusively under

a laminar flow hood. None of the laboratory ware was made of

plastic, we used only glass and metal laboratory ware previously

washed and rinsed with ultrapure Milli-Q (Millipore) formerly

filtered on nitrocellulose filters 0.2 µm and autoclaved.

All the solutions used in the analysis have been purchased

from accredited companies and are easily available on the

market (ZnCl2, Sigma-Aldrich CAS number: 7646-85-7; H2O2,

Sigma-Aldrich CAS number 7722-84-1). To obtain the solution

of Zinc Chloride (1.6-1.7 kg L-1), 900 g of ZnCl2 were weighed,

then they were dissolved in 700 ml of ultrapure Milli-

Q (Millipore).

Procedural blanks were performed during the analysis

(including the counting phase by stereomicroscope). They

consisted of three filters soaked in ZnCl2, H2O2, and Milli Q

to evaluate both the presence of contamination in the working

solutions, and in the laboratory airborne. The blanks contained

(only the one soaked with Milli Q) very low contamination from

cotton fibers as confirmed by FT-IR and were not included in the

final amount of microplastics found in the samples.
Statistical analyses

Since data comply with the assumptions of normality

(checked by Excel package), differences in terms of efficiency

between the two approaches (BS and PS) were tested by ANOVA
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one-way tests with Bonferroni correction whereas differences in

the abundances of different microplastic polymers and their size

were analyzed through PERMANOVA (Anderson et al., 2008)

according to a one-way experimental design and the analyses

were carried out on Euclidean distance-based resemblance

matrixes of untransformed data. For the one-way test, a P-

value was provided using unrestricted permutation of raw data.

Level of significance for the rejection of the null-hypothesis was

set at a < 0.05. When low unique values in the permutation

distribution were available, asymptotical Monte Carlo P-values

were used instead of permutational P-values. All the analyses

were performed using PRIMER 6 and PERMANOVA+

(Anderson et al., 2008).
Results and discussion

The present procedure has been specifically optimized for

the extraction of microplastic particles from deep-sea sediments,

for which ad hoc protocols have not yet been developed although

these habitats are characterized by different characteristics from

coastal sediments, such as a dominant silt-clay fraction (Smith

et al., 2008; Danovaro et al., 2010), which can hamper the

efficient recovery of microplastic particles. In this regard, we

assessed for the first time the extraction efficiency of

microplastics from deep-sea sediments, by comparing two

different approaches, in order to maximize their recovery.

The procedure is essentially based on the use of ZnCl2 as a

density separation solution that is useful to recover also high-

density polymers (potentially present in benthic systems), and

on H2O2 used to eliminate organic matter (Imhof et al., 2012). A

new ultracentrifuge step (17,000 ×g) was added to increase the

efficiency of separation of microplastics from fine-grained

sediments, typically found in deep-sea environments (Stow,

1985; Smith et al., 2008; Danovaro et al., 2010). Furthermore,

we modified the 3,500 ×g centrifugation step applied by Van

Cauwenberghe et al., 2013 to coastal sediments to tailor it to

abyssal sediments. In particular, we extended the gravity time

(3,500 ×g to 17,000 ×g) to increase the precipitation of finer

sediment particles.

Previous studies highlighted possible drawbacks associated

with the use of ultracentrifugation, which could alter the sample

by forming aggregates or damaging plastic particles (Schwaferts

et al., 2019). However, this step was essential to carry out the

identification of microplastics through FT-IR and SEM, due to

the high background caused by the fine-grained size of

our samples.

The extraction efficiency of microplastic particles from

biological (i.e., marine organisms and their tissues) or abiotic

(e.g., seawater and sediment samples) matrices is a key step in

the development of a reliable procedure and to determine the

extent of their unrecovered part. In this regard, two approaches
frontiersin.org
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were assessed in the present study: the first applied to bulk

sediment (BS), and the second one to partitioned sediment in

different aliquots (PS), which had been shown to be more

efficient in extracting microscopic biological particles from

deep-sea sediments (Corinaldesi et al., 2017).

Since the detection limit of chemical identification of

microplastics by FT-IR is 10-20 µm (Löder and Gerdts, 2015),

the fraction of microplastics smaller than 20 µm was analyzed by

Scanning Electron Microscopy (SEM), which to our knowledge

has never been applied so far for this purpose. Our method based

on the use of SEM to quantify microplastic particles smaller than

20 µm in marine sediments, has been for the first time applied to

deep-sea sediment samples, although previous investigations

have used a similar approach to identify larger plastics in

other marine habitats/samples (Tiwari et al., 2019; Duan et al.,

2020). This procedure is also based on a pre-screening through

the silicon mapping before analyzing the elemental composition

of the microplastic particles, allowing us to identify them

without scanning every single particle of the optical field: a

procedure that would be extremely difficult and slow.

From the comparison of the BS and PS approaches we

observed that the extraction efficiency of all the five polymers

(size: 20-1000 µm) from the partitioned sediment samples was

double compared to the extraction efficiency obtained from the

bulk sediment (62% vs. 29%, respectively; P<0.001).

The most efficient approach (PS), when applied to the

extraction procedure of microplastics of sizes from 2 to 20 µm

resulted in a recovery efficiency of 57%, which is similar to that

obtained for the extraction of 20-1000 µm polymers, suggesting

that this procedure is suitable also for the recovery of the most

abundant fraction of microplastics in the marine environment

(Brandon et al., 2020).
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These findings are consistent with previous studies for the

extraction of biological particles even smaller than the

microplastic particles (i.e. prokaryotes and viruses) from deep-

sea sediment samples (Ellery and Schleyer, 1984; Danovaro et al.,

2001b), which reported greater recovery efficiency when

sediments were partitioned rather than when they were

processed as a whole (Corinaldesi et al., 2017). Therefore, we

can conclude that the partitioning of the sediment into aliquots

favors the extraction of microplastics in the size range of 2-1000

µm from deep-sea sediments or other fine-grained sediments.

The extraction efficiency of microplastic particles obtained

here from deep-sea sediments falls within the range of values

obtained in previous studies on shallow-water sediments based

on the density separation methods and other approaches such as

the Munich Plastic Sediment Separator (ca. 40-95%, Imhof et al.,

2012; Zobkov and Esiukova, 2017). Conversely, to our

knowledge, only a single investigation evaluated the extraction

efficiency of microplastics from deep-sea sediments, but the

target polymers had a much larger size than that analyzed in

our study (Barrett et al., 2020), therefore it does not allow us to

make adequate and consistent comparisons.

In our investigation, we observed that the extraction

efficiency changed depending on the polymer types (Figure 3)

and their size range (Figure 4). Both approaches resulted in more

efficient extraction of polyethylene, propylene, and polystyrene

(BS: 32-40% and PS: 50-80%) than for PET and PVC particles

(although the differences in polystyrene, PET and PVC

abundances were not significant).

Previous investigations conducted on coastal sediments have

revealed that some polymers such as PE and PA were extracted

more efficiently than PET (Rivoira et al., 2020) whereas other

studies reported a similar extraction efficiency among different
FIGURE 3

Extraction efficiency of microplastics (20-1000 µm) from deep-sea sediments based on two different approaches applied to bulk (BS) and
partitioned (PS) sediments.
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polymers (Imhof et al., 2012; Nuelle et al., 2014). However, this

discrepancymight be due to the different sedimentary granulometry

and organic matter content/composition, as well as the different

sizes of the target microplastic and polarity and the procedures used

for extraction (Bellasi et al., 2021; Halbach et al., 2021).

The extraction efficiency of the different polymers was quite

similar among the different size ranges considered (20-200, 200-

500, and 500-1000 µm), except for PP, which regardless of the

type of approach used (BS or PS) was characterized by a more

variable recovery efficiency, and PET, which was extracted less

efficiently in the size range 200-500 µm than in the 20-200 µm

(with significant differences only for the approach BS). However,

comparing the extraction efficiency of polymers included in the

same size range, this was always higher when the PS approach,

rather than BS (P <0.05), was used, confirming the maximum

effectiveness of the sediment partitioning approach for all the

different sizes of the analyzed microplastics (20-1000µm).

The extraction efficiency of the microplastic particles smaller

than 20 µm was determined using the samples processed with

the approach PS. However, in this case, we couldn’t provide the

extraction efficiency for each polymer but the whole mixture

since the EDX microanalysis is unable to distinguish among the

different polymers (Figure 5).

When the most efficient procedure (PS) was used to

determine microplastic contamination in the sediments of the

Mediterranean canyon, we found an abundance of particles of

20-1000 µm ranging, on average, from 420 ± 73.48 to 1080 ±

374.70 particles m-2 at 910 and 304-m depth, respectively (i.e.,

47-120 particles kg-1, Figure 6), which showed a different

partitioning among the different size ranges (20-200, 200-500,

and 500-1000 µm) along the bathymetric gradient (Figure 7).

These abundances were up to four times higher than those found

in the deep-sea sediments of the Eastern (Nile Deep-Sea Fan,
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1176-m depth; Van Cauwenberghe et al., 2013; 40 particles kg-1)

and Western Mediterranean (Tyrrhenian Sea, 200-1344-m

depth; Kane et al., 2020, 20 particles kg-1) considering samples

at similar water depths and target microplastic ranges. However,

further studies on a wider spatial scale will be needed to assess

the microplastic contamination in deep-sea ecosystems.

The protocol presented here, allowed us to quantify for the first

time the abundance of microplastics in the 2-20 µm size range in the

deep-sea sediments of the San Gregorio canyon (Central

Mediterranean). In particular, the most conservative estimates

obtained ranged, on average, from 60 ± 31.80 to 1020 ± 103.93

particles m-2 (at 910 and 221-m depth, respectively; Figure 6), thus

contributing from ca. 13% to ca. 60% of the microplastic fraction 2-

1000 µm. Our results allow us to hypothesize that the relevance of

microplastics smaller than 20 µm and, their potential negative

impacts on benthic organisms, could decrease with increasing

water depth. This hypothesis, however, should be confirmed

through the analysis of a larger set of samples and deep-sea habitats.

In the canyon sediments, we found a wide diversity of plastic

polymers such as polystyrene, nylon, polyethylene terephthalate,

polyester, polytetrafluoroethylene, polypropylene, polyurethane,

polyamide, polyvinyl chloride, polyethylene, SIS (styrene-

isoprene block copolymer), epoxy resin, EVA (ethylene-vinyl

acetate), acrylates, and polyvinyl chloride with a high

contribution of phthalic plasticizer, putative KEVLAR, PE

+EVA (polyethylene + ethylene-vinyl acetate) (Figure 8;

Figures S1- S4). In particular, a higher number of polymers

(10 different typologies) were observed in the sediments located

at the intermediate depth (304 m) where polyethylene and

acrylates were the most abundant (40% each). Conversely, the

polyvinyl chloride + phthalic plasticizer prevailed at 221-m

depth (80%), while SIS was the most represented at ca. 900-m

depth (33%). Despite a large portion of plastic polymers, at ca.
FIGURE 4

Extraction efficiency (%) of different microplastic polymers and size ranges (500-1000 µm, 200-500 µm, and 20-200 µm) from deep-sea
sediments comparing the two different approaches applied to bulk (BS) and partitioned (PS) sediments. PET, Polyethylene terephthalate; PE,
Polyethylene; PP, polypropylene; PS, polystyrene; PVC, Polyvinyl chloride.
frontiersin.org

https://doi.org/10.3389/fmars.2022.975875
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Canensi et al. 10.3389/fmars.2022.975875
900-m depth, showed a relatively high density (ranging from

1.04 to 2.2 g cm-3, for polystyrene and polytetrafluoroethylene,

respectively) we found no relationship between water depth and

the density of the plastic polymers, indicating that biological and

physical processes can interfere with the sinking of the plastic

(Galloway et al., 2017; Kane et al., 2020).
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While polyethylene’s impact on marine benthic organisms,

has been already documented (Corinaldesi et al., 2021;

Corinaldesi et al., 2022), the effects of acrylate polymers are

still poorly known.

The risk to aquatic organisms associated with phthalic acids,

which are the most common plasticizers used in polyvinyl
FIGURE 6

Microplastic abundance (size ranges: 2-20 and 20-1000 µm) in the deep-sea sediments of the San Gregorio canyon.
B
C

A

FIGURE 5

Identification of microplastic particles (2-20 µm) extracted from deep-sea sediments by Scanning Electron Microscopy. (A) Silicon EDX map
(mapping Si mineral) used to distinguish sediments from the other inorganic particles, (B) close-up of microplastic particles (C) EDX spectrum
confirming the large presence of C atoms (the highest peak). Carbon is present in all the investigated plastics and therefore cannot be used for
recognizing the different polymers.
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chloride products, is also well known (Baloyi et al., 2021). These

compounds have been indeed reported to act as endocrine

disruptors raising also concerns for human health (Bi

et al., 2021).

The most abundant polymers found at the deepest site

investigated here, the SIS, is a copolymer employed as an

impact modifier and toughener in plastics and (structural)

adhesives (https://polymerdatabase.com) and is widely used in

sealants, gasket materials, rubber bands, toy products, shoe soles,

bitumen products for road paving and antifouling paints.

Although SIS has been found in the intestines of deep-sea

benthic organisms, suggesting its potential elimination from

the organism (Cau et al., 2020), at the same time the negative

effects of styrene on marine organisms have been documented

(Mamaca et al., 2005; Wathsala et al., 2018).

The identification of plastic polymers in deep-sea sediments,

including some polymers already reported to be harmful to

marine organisms, confirms that deep-sea canyons can act as a

final reservoir for the accumulation of microplastics,

representing a potential risk for benthic communities and

trophic webs.

Concluding the protocol here optimized for the extraction of

microplastics from deep-sea sediments appears to be efficient in

recovering even microplastic particles smaller than 20 µm.

Unfortunately, the analysis of the chemical composition and

identification of the smallest polymers (< 20 µm) by SEM is still

laborious, time-consuming, and with high costs associated.

Furthermore, despite Raman Spectroscopy has been also used

to investigate microplastic particles < 20 µm in environmental

samples (Anger et al., 2018; Schwaferts et al., 2019) it has
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limitations associated with misidentification due to the

presence of concurrent fluorescence interference, which may

be intrinsic to the main constituent of the plastic fragment or

due to impurities such as dyes, degradation products, and

biological material (Kavya et al., 2020; Nava et al., 2021). Due

to these limitations, including those associated with the most

widely used FT-IR-based technology (i.e., detection limit: 10-20

µm), the analysis of microplastics < 20 µm remains a challenge.

Further studies should be directed to the use and optimization of

complementary technologies, such as X-ray diffraction and X-

ray photoelectron spectroscopy, to identify nano- and

microplastics and to understand their distribution in the

marine environment (Mai et al., 2018).
Conclusions

The protocol presented here is suitable for the extraction of

the most relevant plastic polymers found in a marine

environment especially polystyrene, polypropylene, and

polyvinyl chloride which are reported to be the most abundant

in deep-sea environments and with multiple negative effects on

marine organisms.

This procedure allows the efficient extraction of

microplastics (on average ca. 60% and up to ca. 80% for

polyethylene) with dimensions smaller than 1000 µm. Due to

the relevant expected impact of these microplastic fractions also

on deep-sea trophic webs, the protocol presented here can

represent a reference point for the extraction of microplastics

from deep-sea sediments.
FIGURE 7

Partitioning of microplastics among the different size ranges in the deep-sea sediments of the San Gregorio canyon.
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FIGURE 8

Polymeric composition of microplastics in the deep-sediments at (A) 221 m, (B) 304 m and (C) 910 m in San Gregorio canyon.
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